Abstract-Autonomous landing, also called auto-landing, is one of the most specific features for miniature quadrotor UAVs (unmanned aerial vehicles). In this paper, an autolanding control scheme is presented. It can be regarded as onestep-further development for our quadrotor UAV systems which are capable of auto altitude holding, auto position holding and point-to-point auto-navigation in outdoor environments. Using the state measurements from 9 DOF IMU (inertial measurement unit), sonar/barometer, accelerometer and GPS, a set of linear P+D+DD controller for attitude control and translation control have been implemented in a control system configuration including an outer positioning loop and an inner attitude loop. Based on the reliable position hold control, the auto-landing is realized by descending the target altitude gradually using the altitude, vertical velocity and vertical acceleration feedback. Given the control strategy, the effectiveness of the landing control algorithm is validated by successful experimental outcomes
Due to the development of intelligent sensors, digital communication technology and visual technology [1] , significant achievements have been made so far. In addition to basic performances, such as hovering and navigation, there were also efforts given to automatic landing. Depending on the flight environments the difficulties of the auto-landing varies significantly. The major problem however is the limited payload capacity of quadrotors. In indoor applications, fixed stereo sensors, such as multiple cameras and range finders, can be mounted in the rooms to acquire and process large amount of information on the ground station and then guide the vehicles landing on a specific spot via wireless network [2] [3] . The difficulty still remains in outdoor applications especially for the long distance missions beyond the wireless link due to UAVs' payload and on-board computation limits.
In this paper, we present some preliminary results in this aspect. Focus on outdoor applications we assume that landing spot is rather flat inside an open space. The UAV is equipped with two altitude sensors -a barometer detecting the absolute altitude and a spot range finder (sonar) detecting the relevant distance to the ground (within a maximum range of 7 m). Depending on the altitude measuring two sensors can be switched so that the final landing is based on more accurate range finder. Since both sensors are rather noising, a Kalman filter is applied to fuse the altitude [4] , vertical velocity and vertical acceleration signals [5] . The horizontal position of UAV is measured using an on-board GPS. The autonomous landing is mainly based on a workable position holding control scheme employing position, velocity and acceleration feedback. With this control scheme the autonomous landing is achieved by decreasing the target altitude signal gradually with additional control functions. This paper is organized as follows. Section II gives the dynamic model of the UAV. The design of the controller is explained in section III. Our platform and state transition mechanism employed in auto-landing are introduced in section IV. In Section, V our flying experimental results are presented. Finally, conclusions are drawn in section VI
II. DYNAMIC EQUATIONS
The quadrotor UAV with an "X" configuration considered is shown in Fig.1 . The earth and body coordinate frames are shown respectively in the figure. Its dynamic mode can be described using Newton-Euler equations:
where body T is the thrust force generated by the four rotors acting on the COG (Center of Gravity) of the quadrotor; ( ) 3 
R SO
∈ is the rotation matrix of the body frame with respect to the earth frame, expressed by Euler angle vector [ , , ] ( Ignore the other feeble force and moment, the main components of the external forces are the thrust force T and the gravity force mg. The external moment force ext M is considered to be the result of thrust force and hub force. 
, the attitude is bounded inside the neighborhood of its equilibriums..
The driving unit of quadrotor consists of four sets of ESCs (Electronic Speed Controller), motor and rotor modules. The autopilot generates the PWM command signals to ESCs which transform the control signals to driving force generated by motors and rotors. Actual tests prove that the dynamics from PWM command to the thrust can be approximated by a first-order linear system.
where i u is the command to motor i; m T is the time constant of the driving units and overall dynamics; 1 m k is its steady state gain and 2 m k is that of hub force dynamics. Combining (4) and (5) with (3) 
Obviously, both of translation and rotation dynamics are third order unstable systems.
III. CONTROLLER DESIGN

A. Attitude control
Denoting the combinations of i u (i = 1, 2, 3 and 4) in the right hand side of the attitude equations in (6) as 2 U , 3 U and 4 U , they are the rotational moments for three axes given by the following: 
B. Position holding
Let z u be the control force in vertical direction and taking gravity compensation and frame transition into account, the total thrust generated by four rotors, denoted as U 1, is given by: 
In a similar way, the translation force x u and y u , being the driving forces in x and y directions, are given by [8] :
Therefore, in view of (6), it has that: 
C. Altitude control and auto-landing
Altitude control is the common basis of horizontal position control. According to the equation (6) 
which gives the flowing closed loop characteristic equation:
Let the desired closed loop characteristic equation be: 
D. Command to motors
The desired control quantity U has the linear mapping relationship with commands to four motors u, that is, 
Therefore, the motor commands can be resolved using:
IV. QUADROTOR PLATFORM AND AUTO-LANDING CONTROL
The test platform developed is an 'X' form quadrotor UAV, as shown in Fig. 2 . Its autopilot is implemented on a 16MHz AVR Mega2560 microcontroller. The sensor module includes a 9 DOF IMU, a sonar rangefinder, a barometer and a GPS module. The aircraft carries an 8 channel wireless receiver to communicate with ground station and an on board data logger to record critical data in flight. The driving system composed with 4 sets of 30A electronic speed controllers and 800KV brushless DC motors.
The auto-landing is an evolutionary function of altitude and position holding. The altitude loop is running at an updating rate of 10 millisecond (100Hz) and its signal reading is switched between barometer and sonar, depending on if the UAV's position is higher than 4.5m. During autolanding, the altitude command decreases 0.003m each loop time, resulting in a descending command speed of 0.3m/s, in barometer's range. When altitude is below 4.5m, more precisely sonar reading is applied and the landing-target is decreasing at a rate of 0.2 meters per second. Whence the altitude reaches 0.5m, motor speed starts to reduce gradually. All the motors are shutdown when the altitude is at 0.2 meters, to ensure a minimum landing impact whence the vehicle touches the ground. 
EXPERIMENTAL RESULTS
A. Altitude holding result
The altitude holding algorithm has been verified in a large number of field tests. A typical flight results, recorded by the data logger, are plotted in Fig. 3 . The subplots of the figure, from top to bottom, are the altitude, velocity and acceleration, both estimated by Kalman filter, and throttle. The vehicle was taken off by manual flight mode and then switched to holding mode. The altitude target is 3.2m as shown by the red curve, which is the instant altitude at the time the altitude hold mode is switched on. In the bottom subplot, the red curve is the command throttle at the time of altitude control mode is switched. The blue curve is the total throttle applied, and hence the difference between them is the auto throttle correction generated by the altitude control algorithm. Overall, the altitude is well controlled with the error range smaller than to 0.3m. It can be seen that there is an altitude drop along the time, which was caused by the voltage drop of the battery. We are currently undertaking a battery monitoring scheme to compensate it.
B. Position holding result
The position holding algorithm has been validated many times in experimental flight, and one of them is shown in Fig. 4 . The first subplot shows the eastern drift during position holding, while the second one shows the north drift. The dotted red line is reference position of target, which has been normalized to the origin of the 2D plane. The figures indicate that the positioning error is be limited to 2 m. The drift is mainly caused by the wind disturbance as well as slow sampling rate and low accuracy of the low cost GPS module. 5 , from top to bottom, are the altitude, velocity and acceleration evolutions during the test. As shown by the first subplot, at the time of 175 second, control was changed to auto-landing mode and a descending altitude target was given at a speed of about 0.15 m/s. It can be seen that the UAV tracking the decreasing altitude command very well during the entire landing process. During the landing control, once the altitude is below 0.5 m the PID controller will stop running and the motor throttle will be reduced gradually. Once the vehicle reaches 0.2 m high the motors were shut down as indicated by the throttle plot. The Fig. 6 is vehicle's trajectory in 3D space, and the Fig. 7 and 8 are the trajectory projection in X-Z and Y-Z planes respectively, indicating the maximum horizontal drift during the auto-landing is less than 2 m.
VI. CONCLUSIONS
This paper presented the research and development of an auto-landing control approach for quadrotor UAVs. As the approach is directly related to the position hold problem, the basic position hold algorithms were reviewed first. A PID scheme based auto-lading algorithm as well as it implement issues then were addressed. Finally, the experimental results were given showing the effectiveness of the algorithm. 
